plays a key role in the regulation of 5S RNA transcription acetylation effects, targeting of SAGA and NuA4 to the promoter by Gal4-VP16 increases the degree of stimuand provide a molecular mechanism for the selective repression of the oocyte 5S RNA genes by H1. lation. Data presented by David Allis, done in collaboration with Paolo Sassone-Corsi, strongly argued that phosphorylation of histones might prove to play an equally Histone Modifications, Chromatin Remodeling, and Their Involvement in Transcription Regulation important role for transcriptional regulation. An antibody against the highly conserved N-terminal tail, specifically Several proteins and multisubunit complexes act directly on chromatin structure to regulate transcription. phosphorylated at serine 10, can be used as a powerful in situ marker for mitotic nuclei in diverse eukaryotes The effects on transcription could be envisioned in two nonexclusive ways: globally over large chromatin do-(Wei et al., 1998). However, this antibody is also highly specific for euchromatic nuclear domains after mitogen mains or entire genes and/or locally at single nucleosomes specified by DNA-bound transcription factors.
stimulation. These are defined as decondensed and actively transcribed chromatin domains and argue for the Histone Tail Modifications The N-and C-terminal tails of histones are flexible, exinvolvement of histone tail phosphorylation in transcriptional regulation. The "activity in-gel assay" developed tend out from the nucleosome core, and contain several conserved residues that can be posttranslationally modto identify histone acetyltransferases (HATs) was modified to identify Rsk-2 as the histone H3-Ser10 kinase ified. The histone tails are known to interact with other chromatin components and contribute to both transcripfollowing mitogenic stimulation. Rsk-2 is a 90 kDa protein that is specifically targeted by the MAPK signaling tional activation and repression. The most intensively studied histone tail modification has so far been the pathway. In addition, mutations in the human RSK-2 gene are causally linked to the Coffin-Lowry syndrome acetylation of lysine residues.
Only three years have past since the cloning of the (CLS), an X-linked disorder characterized by mental retardation and skeletal deformations in humans (Trivier first transcription-associated histone acetyltransferase (HAT) (Brownell et al., 1996) . Despite displaying a potent et al., 1996). Interestingly, cells derived from CLS patients are Rsk-2 deficient and fail to exhibit H3 phosphor-HAT activity with purified histones, it was shown that purified recombinant Gcn5 could not efficiently modify ylation after mitogen stimulation while the mitotic H3 phosphorylation is normal. histones in a nucleosome context. Since then, a plethora of transcriptional coactivator complexes from both hu-
ATP-Dependent Chromatin Remodeling Complexes
Genetic and biochemical studies in yeast, Drosophila man and yeast have been biochemically purified and shown to have intrinsic HAT activity (see Struhl and melanogaster, and human cells have identified a new class of multisubunit complexes that utilize ATP to reMoqtaderi, 1998). In yeast Saccharomyces cerevisiae, for example, several complexes including SAGA, Ada, model nucleosomal structure and facilitate transcription (Table 1) . It is assumed that these complexes catalyze NuA3, and NuA4 have been described. The SAGA complex is a 1.8 MDa complex that shows specificity for the formation of a remodeled nucleosome, but the nature of this remodeled structure in terms of histone connucleosomal histone H2B and H3 acetylation. The constituent subunits of SAGA can be classified into four figuration has remained elusive. Swi/Snf and RSC. The yeast SWI/SNF complex was groups: GCN5-Ada gene products, SPT gene products, TAF II proteins, and Tra1, a homolog of the human TRRAP identified by copurification of proteins identified in genetic screens for mating-type switching (swi) and suprotein. The SAGA and Ada complexes share several subunits whereas others are still unidentified (Grant et crose nonfermenting (snf) mutants. The SWI/SNF complex is comprised of 11 subunits, has a molecular weight al., 1998). Characterization of these will tell us if Ada is a unique entity or a subcomplex of SAGA. of about 2 MDa, and contains Swi2/Snf2 as its catalytic subunit. The RSC (remodels structure of chromatin) Much less is known about the subunits of the NuA3 (0.4 MDa) and NuA4 (1.3 MDa) complexes. Functional complex is about 1 MDa in molecular weight and is composed of 15 subunits, six of which are homologous studies of the HAT complexes described by Jerry Workman showed that the SAGA and NuA4 complexes bind or identical to SWI/SNF subunits. The RSC complex includes a DNA-dependent ATPase homologous to directly to both the VP16 and GCN4 activation domains while the Ada and NuA3 complexes bound to neither of Swi2/Snf2, encoded by STH1. Despite these similarities, RSC is about ten times more abundant than SWI/SNF, the activators. Incubation of a mononucleosome template containing a single Gal4-binding site with increasing and most genes encoding RSC subunits are essential for mitotic growth. amounts of Gal4-VP16 in the presence of HAT complexes showed that binding of activator to the nucleoBradley Cairns described the identification and characterization of several new RSC subunits. Rsc1 and some increased the level of histone acetylation. This was only observed with the SAGA and NuA4 complexes, Rsc2 each contain two bromodomains, a 110-amino acid motif of unknown function that is found in several proconsistent with the activator binding studies. A direct effect of HAT complexes on transcription was demonteins involved in histone modification and transcriptional regulation. Furthermore, Rsc1 and Rsc2 are both highly strated using a chromatin template composed of a minimal E4 promoter with five Gal4 sites. This highly rehomologous to the chicken protein polybromo and contain a bromodomain-associated homology (BAH) motif pressed template is activated by Gal4-VP16 together with either SAGA or NuA4, in an acetyl-CoA-dependent also found in the Drosophila transcriptional activator protein Ash1. It was shown that the BAH and at least manner. While all four yeast HAT complexes can stimulate transcription of a chromatin template due to general one of the bromodomains were essential for Rsc1 and 
Rsc2 function. Immunoprecipitation experiments indi-
found to be a nucleosome-stimulated ATPase containing four major polypeptides (215, 140, 55, and 38 cated that two RSC complexes exist, one containing Rsc1 and the other Rsc2. This result may underlie the kDa). The 140 kDa ATPase imitation switch (ISWI) is a protein also present in the Drosophila chromatin remodobservation that mutants lacking either RSC1 or RSC2 are viable, whereas the lack of both genes causes lethaleling complexes ACF and CHRAC and is likely to be the chromatin remodeling subunit of the complex (see ity. Arp7 and Arp9 are two essential, actin-related proteins that are subunits of both the ySwi/Snf and RSC below). NURF-55 is similar to RbAp48, a WD repeat protein found in a number of chromatin-associated comcomplexes. Analysis of temperature-sensitive mutations in ARP7 and ARP9 supports a functional role for both plexes, and is assumed to act in a structural role. Surprisingly, the third subunit (NURF-38) has been identified proteins in RSC, SWI/SNF, and transcriptional regulation. However, in contrast to actin, extensive mutation as a protein homologous to inorganic pyrophosphatase. NURF-38 does show inorganic pyrophosphatase activof the predicted ATP-binding sites in Arp7 and Arp9 showed no phenotype (Cairns et al., 1998).
ity, but this does not appear to contribute to chromatin remodeling, at least in vitro. However, it may be that Roger Kornberg and Robert Kingston both reported recent results on the effects of yeast RSC and human NURF is adapted to deliver pyrophosphatase activity to regions of chromatin undergoing active transcription or Swi/Snf on nucleosomal DNA. Incubation of either of the complexes with reconstituted mononucleosomes and replication to allow removal of accumulated unhydrolyzed pyrophosphate, which is inhibitory to these processes. ATP resulted in the appearance of an altered nucleosome species. In the case of RSC, formation of an "actiRecent biochemical studies have demonstrated that NURF can activate transcription from chromatin temvated" complex was shown to precede the appearance of the altered nucleosome. In both systems, incubation plates in vitro as a direct result of its facilitating activator binding, strongly suggesting that this complex has a of the altered nucleosome form with ATP and yRSC or with hSwi/Snf resulted in conversion back to the starting role in transcriptional activation from chromatin templates also in vivo. However, fundamental questions rematerial. These results suggest that yRSC and hSwi/Snf make chromatin more dynamic, catalyzing equilibrium main regarding the mechanism of the chromatin remodeling reaction, and whether this complex is actively between multiple structural states. For a further discussion of these results, see Travers (1999) In contrast to XPD, the TFIIH from these cell lines was promoter whereupon the promoter becomes activated. not perturbed in subunit stoichiometry or composition Wolfram Hö rz presented in vivo data showing that actiand had essentially similar CTD kinase and DNA-depenvation of the PHO5 promoter is dependent on the Gcn5 dent ATPase activities as wild-type TFIIH. However, protein under specific conditions. Activation of PHO5 transcription was severely impaired, thus indicating that by PHO80 disruption rather than phosphate starvation some of the symptoms might be explained by deficienleads to a loss of nucleosomal positioning over the PHO5 cies in the transcription apparatus rather than by defects promoter and failure to activate PHO5 in strains lacking in DNA repair. Gcn5 HAT activity.
André Sentenac highlighted some interesting analoThe connection between histone deacetylation and gies between the Pol II and Pol III systems. Recruitment transcriptional repression was also studied in vivo.
of Pol III to a promoter involves a cascade of proteinYeast strains lacking the histone deacetylase Rpd3 are protein interactions in which TFIIIC plays the role of viable but show selective effects on gene expression.
both an enhancer and a promoter-binding factor that However, it was unclear whether deacetylation was unovercomes nucleosomal repression, perhaps via an intargeted or localized to specific promoter sequences. trinsic HAT activity. This analogy was emphasized by Kevin Struhl presented a study on transcription represthe finding that PC4 and topoisomerase I, two known Pol sion mediated by Ume6, which is dependent on both II coactivators, are also involved in mammalian TFIIIC Sin3 and Rpd3. An 80 aa region in the Ume6 repression function. He also reported on more recent studies that domain was shown to be sufficient for complete represidentify the C11 subunit of Pol III as necessary for the sion of a reporter gene and was also critical for interacintrinsic RNA cleavage activity of Pol III, which is retion with Sin3, which in turn bound Rpd3. Repression quired for backtracking of artificially stalled polymerwas dependent on the Rpd3 histone deacetylase activity ases and for recognition of defined termination sites and associated with specific deacetylation of histones downstream of a transcribed gene (Ché din et al., 1998). H3 and H4 at a limited region centered on the repressorbinding site (Kadosh and Struhl, 1998).
Factors Involved in Transcriptional Regulation Structural and Functional Studies of General
By the time the general polymerase II transcription facTranscription Factors tors were obtained in a highly pure form from several Roger Kornberg presented electron density maps oborganisms, it was obvious that they were insufficient to tained from paused RNA polymerase II/DNA/RNA terrespond to the addition of transcriptional activators and nary complexes showing that the DNA template is located within a cleft of about 25 Å in diameter in the repressors in vitro. Several cofactors/adaptors such as TAF II s, Mediator, and USA were identified as important (Table 3) Analysis of SMCC function in vitro also indicated that it had a negative effect on transcription also when a homogeneity showed that it contained CBP. However, neither recombinant CBP nor PCAF could functionally polymerase lacking CTD was used. This indicated that the negative effect was not due to phosphorylation of replace the purified complex. An interesting finding that originates from the work on the CTD by the Srb10/11 cyclin-kinase pair, as is the case in yeast, in which the Srb10 and Srb11 proteins the yeast Mediator was presented by Jesper Svejstrup. Purification of an elongating form of RNA polymerase II are suggested to negatively regulate transcription by phosphorylation of the yeast RNA polymerase II in solufrom yeast chromatin showed that its CTD was both hyperphosphorylated and lacked bound Mediator. The tion, thus preventing its incorporation into a functional preinitiation complex. However, SMCC was shown to elongating polymerase was a holoenzyme, of which the elongator complex was the main component. Elongator phosphorylate PC4, which has been demonstrated to inhibit its coactivator function.
consists of three polypeptides of 150, 90, and 60 kDa named elongator proteins (Elp) 1-3. In vivo studies of SMCC supported transcriptional activation in the reconstituted system when limiting TFIIH concentrations the Elp1 subunit showed that it was not essential for viability, but elp1 cells were temperature sensitive and were used. Under these conditions, SMCC synergized with PC4 and was essential for activation by both Gal4-showed a slow adaptation to changed growth conditions ( 
